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ABSTRA CT
Tidal wetlands are an im portant feature of coastal systems that are frequently im pacted or
destroyed by coastal development. W etland creation is one method of mitigating for the loss of
natural wetlands; however, created wetlands may not replace the original, natural wetlands in
some or all of their functions. In this study, we com pared the function of created and natural
tidal saltmashes in terms of photosynthesis (P), respiration (R), porew ater nutrients, and soil
characteristics. P and R rates were used to model annual Gross prim ary production (GPP).
N either soil characteristics nor porew ater nutrient levels were found to consistently differ
between created and natural salt marshes. Total annual GPP did not vary between the two types
of marshes; however, there was variation between late fall production in some created and
natural marshes. This variation may reflect differences in ecological processes between the
created and natural marsh types.

4

Chapter 1
A review of tidal salt marsh ecology
Introduction
Tidal wetlands are an im portant feature of coastal systems. They can absorb floodwaters
or filter toxins and excess nutrients from streams (Mitsch and G osselink 1993). However, they
are frequently im pacted or destroyed by coastal development. W etland creation is one m ethod of
mitigating for the loss of natural wetlands and involves the conversion of upland area to marsh,
or planting a marsh on dredge spoils. These created marshes may have sim ilar plant
com m unities, soils and hydrologic cycles to natural wetlands, but they are always young in terms
of successional developm ent com pared to natural marshes. Therefore, created wetlands may not
replace the original, natural wetlands in some or all of their functions.
Previous research on the developm ent of natural ecosystem function within created
marshes has focused prim arily on structural characteristics and pool sizes. Certain
characteristics appear to become sim ilar to natural systems fairly quickly, such as above and
belowground biom ass of Spartina alterniflora (Broome et al. 1986, Craft et al. 1999) and nekton
use (M inello 2000). Porew ater chem istry should also develop relatively quickly, because it is
largely dictated by the hydrology of the marsh (Tyler and Zieman 1999). However, soil organic
matter pools require decades to resem ble natural marshes (Craft et al. 1988, 1989, 1991, in p ress,
Langis et al 1991). Epifauna and infauna com m unity developm ent require soil organic matter,
therefore, they can take a relatively long period of time to develop (Sacco et al. 1994, Levin et al.
1996, Scatolini and Zedler 1996). This order of ecosystem developm ent is not much different
from natural wetland ecosystem development, which suggests that created wetlands may change
over time to function in a sim ilar m anner to natural wetlands.
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In contrast to the large am ount of work on changes in the structure of created wetlands,
few studies have considered changes in basic ecosystem s processes such as gas exchange. Odum
(1969) hypothesized that an ecosystem in early succession should have a high (< 1) ratio of
photosynthesis to respiration, while a more mature system should have a low er ratio (= 1). If this
hypothesis holds for tidal marsh systems, we would expect to see a decrease in the P:R ratio of
marshes with increasing age, and this pattern should also be apparent in created marshes of
different ages.
The purpose of this study was to determine the rate at which the carbon cycle in created
tidal wetlands matures. Specifically, we determ ined how certain processes such as primary
production and respiration changed in concert with structural characteristics such as soil organic
m atter over time. Second, we determ ined whether created marshes becom e sim ilar in function to
natural tidal salt marshes as they mature.

Ecosystem Development in Salt Marshes
Am m onium cycling
Nitrogen is an im portant nutrient in marshes and vital for plant growth. It is a critical
com ponent of proteins and enzym es in the plants, and therefore, has the potential to im pact plant
function. Nitrogen levels have been found to affect plant productivity, biom ass, morphology,
and reproductive potential (Valiela 1983). In many marshes, nitrogen is the lim iting factor to
plant production. Fertilized plants can grow up to 3 times as much biom ass as unfertilized plants
(Sullivan and D aiber 1974). Plants can take up nitrogen in two forms, N H 4+ (ammonium) and
N O 3 (nitrate). However, in w etland sediments, low oxygen limits the availability of N O 3",
m aking N H 4+ the primary plant nutrient.
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NH 4+ is produced in wetlands through two different processes: mineralization from
organic N (or am m onification) and DNRA (dissimilatory nitrate reduction to ammonia).
A m m onification is a m icrobially-m ediated process in which PON is m ineralized to NH4+. Since
m ineralization requires the presence of organic matter, it is spatially and seasonally affected by
the distribution of labile organic matter. NH4+ concentration tends to be highest in the top 5 cm
of the soil (where labile PON is highest) and decrease exponentially with depth (Tobias et al.
2001). Peak m ineralization rates tend to occur in the fall, when senescing plants increase the
supply of PON (Anderson et al. 1997, N eubauer et al. 2000). DNRA is also a microbially
m ediated process in which nitrate is reduced to N H 4+. The rate of D NRA can be affect by
changes in the microbial com m unity (often seasonal), the am ount of N O 3" entering the system,
and the labiality of the DOC substrate required for the conversion (Tobias et al. 2001). This
process may be un-im portant in a marsh with low N O 3" input (Anderson et al. 1997).
There are several potential sources of nitrogen for a salt marsh, including nitrogen
fixation, tidal flows, rainfall, streamflow, and groundwater (Valiela 1983). N O 3 typically enters
a system through groundw ater or stream flow, and is reduced to NH 4+ through DNRA. Increased
D NRA rates result in increased nitrogen retention in the marsh system in the form of NH4+
(Tobias et al. 2001). In marshes where there is low input of N O 3', recycling of NH4+ appears to
be an im portant process (Langis et al. 1991; Anderson et al. 1997). In these systems, high gross
m ineralization rates result in rapid turnover of sedim ent NH4+ (Anderson et al. 1997). Studies
have shown the long term retention of N H 4+ pools in the sediment, suggesting that this could be
an im portant source of nitrogen in the marsh (W hite and Howes 1994; D eLaune et al. 1983).
Plants only require nitrogen during the growing cycle, but N H 4+ is produced throughout the year
(Anderson et al. 1997). The extra NH4+ may be temporarily im m obilized in bacterial biomass
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during the w inter months; than the highly labile PON is m ineralized when the plants need NH4+
during the growing season.
Nitrogen loss from salt marshes is prim arily as a result of the denitrification pathway,
resulting in N 2 gas that diffuses into the air. However, studies have suggested that under certain
conditions, marshes can export NH4+ into tidal waters (Page et al 1995; Cham bers et al. 1992).
The release of NH 4+ into tidal waters may be related to the degree of vegetation on the site (Page
et al. 1995). U nvegetated creek banks can also release NH4+ into overlying water during certain
seasons (Anderson et al. 1997). The nitrogen being released from the marshes as NH4+ is
probably not a significant loss to the marshes or a significant source to the estuaries (Howes and
G oehringer 1994; W hiting and Childers 1989).
N utrient cycling is of interest in created marshes because the presence and efficiency of
nutrient cycling affects both the developm ent and maintenance of marshes (Langis et al. 1991).
Nitrogen is of particular interest because it is frequently the primary limiting nutrient in marshes.
Studies of created marshes suggest that after 4-5 years, NH4+ pools are still significantly lower
than those in natural marshes (Craft et al. 1991; Langis et al. 1991). Specific mineralization rates
are sim ilar between the two types of marshes, suggesting that the differences in nutrient pools are
prim arily due to differences in labile organic m atter pools (Langis et al. 1991). There is no
consensus as to how long it will take nutrient pools in created marshes to becom e sim ilar to those
in natural m arshes, and it will probably depend on the rate of soil formation in the created
marshes.

NH

Aerobic
Soil layer

■*. Org. N

NH.

Org. N

NH

Fig 1. Basic nitrogen cycle in a tidal salt marsh.

Pedogenesis
Soil characteristics of salt marshes may change over time. Unlike terrestrial systems,
wetlands tend to accumulate large amounts of organic m atter (Craft 2000). Because of this,
wetland soils may grow upwards (Craft 2000), not downwards like terrestrial systems.
Geologically young marshes tend to have high soil bulk density, low organic carbon, and no
organic-rich soil horizon (Craft et al. 1999). The high production in salt marshes contributes to
the formation of organic rich soil, which lowers the bulk density over time. The time required
for an organic rich surface layer to form depends on the duration and frequency of inundation,
the net prim ary production of the em ergent vegetation, the tidal am plitude, and the rate of sea
level rise (Craft 2000). The organic matter content of a marsh affects the redox potential,
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infaunal com position (Moy and Levin 1991), microbial rem ineralization rates, nitrification,
denitrification, and N 2 fixation (Piehler et al. 1998). Percent silt, clay, and nitrogen content of
the soil also tends to increase as the marsh ages, while the percent sand tends to decrease (Tyler
and Zieman 1999). The soil com position, and the rate of change of the soil com position, can be
affected by the deposition rate of sedim ent onto the surface of the marsh and the rate of
decom position of plant material. The rate of deposition of sedim ent is influenced by elevation
(Pethick 1991) and plant density (Stum pf 1983), both of which can vary across a single marsh.
High plant density slows water velocity, resulting in higher deposition of soil. As sediment
deposition increases, hydraulic conductivity decreases; this decreases nutrient flushing and redox
potential in the sedim ent by limiting aeration (Tyler and Zieman 1999). In naturally developing
marshes, sedim ent grain size generally decreases over time (Osgood and Zieman 1993).

Succession in Salt M arshes
Salt marsh developm ent and succession are affected by the hydrology (which depends on
the landscape) and local physical forces acting on the marsh. The hydrology of the salt marsh
dictates the chem istry of the porewater, and determines which flora and fauna can survive in the
marsh (Tyler and Zieman 1999). Physical forces can also affect the chem istry of the porewater
by determ ining the flushing time. Increased flushing of the pores has been linked to many
factors that control Spartina alterniflora growth, such as increased sedim ent aeration (Agosta
1985), increased nutrient supply (Osgood and Zieman 1998), decreased salinity (Broome et al.
1986), and decreased sulfide concentrations (King et al. 1982). Some characteristics, such as
salinity, also vary throughout the year. Porew ater salinity tends to be higher in the late summer
when high tem peratures result in high evapotranspiration (Tyler and Zieman 1999). On the
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Atlantic Coast, changes in species composition of the flora cannot be used to characterize salt
marsh succession since S. alterniflora is both the pioneer and climax species in the low marshes
(Tyler and Zieman 1999). Succession occurs primarily in the sediments. The macrophyte
species com position will only change if there is a change in relative sea level. However, there are
possible morphological changes in the plant com munity with age. One study (Tyler and Zieman
1999) showed an older marsh to have taller plants with more flowering structures. They also
found that the percent nitrogen in the plant tissue increased significantly with age and was
related to an increase in porew ater am monium concentrations (Tyler and Zieman 1999).

Comparing Natural and Created Marshes

Timeline o f Created M arsh D evelopm ent
In created salt marshes, different characteristics may reach the functional level of natural
marshes in different am ounts of time. Functions seem to develop in the following order: first the
characteristics related to hydrology, than characteristics related to prim ary production, and last,
soil characteristics (Craft et al. in press) The first characteristic to reach natural levels is the use
of the marsh as nekton habitat. Created marshes appear to reach their maxim um habitat support
of nekton in less than 1 year (M inello 2000). The next characteristic of marshes to reach natural
levels is the above-ground biom ass of S. alterniflora (Broome et al. 1986, Craft et al. 1999).
A bove-ground biomass generally becom es equivalent to the biom ass in natural systems within

2-

4 years after creation. This is closely followed by the developm ent of the belowground biomass
within 3-5 years after creation (Broome et al. 1986, Craft et al. 1999). Once the macrophyte
com m unity has become established, the constructed marshes may have greater above-ground
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biom ass than the natural ones (Craft et al. 1999). The epifauna and infauna com munities
develop more slowly than the plant com munity. It can take as little as 5 years (Craft et al. in
p ress) and as many as 17 years for these com m unities to develop in created marshes (Sacco et al.
1994, Levin et al. 1996, Scatolini and Zedler 1996). Infaunal com m unity was significantly
related to the percent organic m atter of the sedim ent and silt/clay content of the soil in the marsh
(Craft et al. in press). Biogeochemical processes such as organic m atter and nutrient
accum ulation may take even longer to develop (Craft et al 1988, 1989, 1991, in p ress, Langis et
al. 1991). Sedim ent organic m atter may take 10-20 years to match natural levels (Piehler et al.
1998). The C:N ratio of the soil takes 10-25 years to reach levels equivalent to those in the
natural marshes (Craft et al. 1999).
In created marshes, biomass accum ulation appears to be greatest during the early and
middle stages of ecosystem developm ent, and it peaks within the first decade (Craft et al. 1999).
Organic carbon and nitrogen content of the soil increases over time (Craft et al. 1999). Macro
organic m atter also increases with marsh age (Craft 2000). Since organic m atter has low particle
density (Craft et al. 1993), the soil bulk density decreased over time as the organic m atter
increased. The C:N ratio of the soil increased with age (Craft et al. 1999) as did the porewater
am monium . The density of the infauna (Craft et al. 1999), benthic invertebrates, and sub-surface
deposit feeding oligotrophs (Craft 2000) increased over time, and with increasing soil organic
carbon levels.

D ifferences Between Created and Natural M arshes
In theory, after a sufficient time period, a correctly designed constructed salt marsh will
eventually becom e sim ilar to natural marshes; however, recent studies indicate that some
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functions may never reach natural levels, while others may exceed natural levels. Nutrient levels
may be very different between created and natural marshes, even after long time periods. After
15 years, one created salt marsh still had less nitrogen, phosphorus, and organic carbon than
natural marshes (Craft et al. 1988). Nitrogen accumulation was 2-5 times higher in the created
marshes (Craft et al. 1999). One created marsh had very low denitrification rates, possibly
because it had coarser sedim ents than the natural marsh, and therefore less surface area for
microbial populations, greater porew ater flushing, and more exposure to oxygen (Thompson et
al. 1995). Created marshes can also have greater redox potentials (Craft et al. 1991, Thom pson et
al. 1995). Again this may be due to the coarseness of the grain com pared to natural sites.
Polycheate and crustacean densities may differ between created and natural marshes (Streever
2000). The developm ent of the benthic invertebrate com munity depends on the formation of
w etland soil characteristics (Craft 2000). Infauna density was found to be 70-330% higher in
created marshes than in natural marshes (Craft et al. 1999). The created marshes also had
significantly higher densities of surface deposit feeders (Craft et al. 1999). As fish habitat,
created marshes have mixed results. For com m ercially im portant fishery species, even the older
created marshes function at a lower level than natural marshes (M inello 2000). However, gut
content analysis indicated that some of the fish feeding in a created salt marsh were eating food
that was nutritionally superior to those found in adjacent natural salt marshes (Moy and Levin
1991). Created and natural marshes may also have different physical characteristics. One study
found natural salt m arshes to have undulant m arsh-w ater edges, island like S. alterniflora plant
stands, concave shorelines, and low elevations (Delaney et al. 2000). The created marshes
tended to have smooth m arsh-w ater edges, unbroken shorelines, convex or straight shorelines,
and higher elevations (Delaney et al. 2000).
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There are many factors that do appear to approach natural levels over time. Species
richness and the trophic com position of the infaunal com m unities are the same in older created
and natural sites (Craft et al. 1999). W ithin five years of creation, net prim ary production has
been found to be similar to natural sites (Broome et al. 1986). However, in some marshes it may
take more than twice that am ount of time for Spartina biomass and stem height to equilibrate to
natural levels (Craft et al. in press). After 25 years, created marshes had similar macrophyte
production and organic carbon and nutrient accumulation (Craft et al. 1999). In addition, the
percent of net prim ary production that was buried was also sim ilar (Craft et al. 1999). N 2 fixation
and chlorophyll a concentration were unusually high in the surface sedim ent of a
marsh, but had decreased to natural levels by

6

1

year old

years of age (Piehler et al. 1998). This may be

due to increasing stem density with age, which reduced light levels on the marsh surface. Also,
low nitrogen levels and the sandy soils in the young marsh may create a better surface for
growing cyanobacteria (Piehler et al. 1998). In other marshes studies, the chlorophyll a
concentration took up to 15 years to develop (Craft et al. in press).

Carbon Cycling in Wetlands
Carbon enters the w etland cycle through the process of photosynthesis (in the form of
CO 2 ), both by plants and algal mats. The carbon is stored in both above-ground and belowground biomass. A certain am ount of the carbon fixed during photosynthesis is returned to the
atm osphere as CO 2 , the end product of plant respiration. At the end of the growing season,
above-ground biomass senesces and falls to the marsh surface, where it can be exported as DOC
or buried. There are two possible pathways for carbon in marsh sediments: labile carbon will be
m ineralized to CO 2 , DIC, or CH 4 or refractory carbon will be buried and add to marsh accretion.
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CCB is produced through both autotrophic and heterotrophic respiration under both aerobic and
anaerobic conditions. Both C O 2 and CH 4 can be returned to the atm osphere through diffusion,
ebullition or movem ent through continuous gas spaces in plant stems (Smith et al. 1983). Some
C O 2 can also be recycled and taken up by marsh plants during photosynthesis (Smith et al.
1983).
Photosynthesis results in the fixation of carbon from the atmosphere into the plant
com m unity. It is the m ajor source of carbon into the marsh system. In some cases, terrestrial
carbon is im ported into marshes (M cKenna 2003), but this is unlikely to be an im portant source
of carbon in most systems. Net photosynthesis varies throughout the year, in the shape of a
parabola, related to ambient light levels. The beginning of the growing season is generally in
M arch or April, and net photosynthesis increases until it reaches a maxim um value in the m id
sum m er when it begins to decline (M iller et al. 2001; Mann and W etzel 1999; Drake and Read
1981). The decline in net photosynthesis in the late summer and early autumn has been
attributed to individual plant metabolism, such as photorespiration (Mann and Wetzel 1999), and
com m unity dynamics, such as canopy structure (Turitzin and Drake 1981). It may also be due to
small spring leaf area and senescing leaves in the autumn (W ickland et al, 2001). Rates of
photosynthesis are affected by changes in salinity, elevation, and soil Eh. Rates of C O 2 fixation
decline under conditions of high salinity and low Eh (Pezeshki and D eLaune 1995; Pezeshki and
D eLaune 1993). Increased elevation tends to lead to increased soil aeration, which raises soil Eh
and increases photosynthetic rates (Bouchard and Lefeuvre 2000; Pezeshki et al. 1992).
Com m unity respiration is the m ajor loss of carbon from the marsh system. It is
com posed of two components: plant respiration and microbial respiration. Carbon can also be
lost through tidal export, but this does not seem to be im portant in m ost systems (Bouchard and
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Lefeuvre 2000). Comm unity respiration is related to temperature (W ickland et al. 2001), and is
highest in the m id-sum m er (when temperatures are highest), and is lower in the spring and
autumn (Drake and Read 1981; W ickland et al. 2001). Respiration occurs throughout the day
and night, in contrast to photosynthesis which only occurs during daylight hours. Nighttime
respiration can account for the loss of 34% of daily carbon uptake (Drake and Read 1981).
Com m unity respiration is affected by water level and salinity. Low er water tables allow for
greater sedim ent oxidation leading to increased microbial m etabolism and also may decrease
plant stress (Nyman and D eLaune 1991). Com m unity respiration is highest in freshwater
marshes and lowest in brackish water com m unities; probably due to high soil porosity in
freshw ater marshes com bined with decreased labiality of organic m atter in brackish marshes
(Nyman and D eLaune 1991).
Plant respiration can account for 50% of com munity respiration in the dark (Howes et al.
1985). H owever, the percent may vary from marsh to marsh due to differences in above and
below ground production and the relative percent of carbon buried or exported from the marsh.
CO 2 from respiration in aboveground plant parts is released directly in to the atmosphere; root
and rhizom e can release CO 2 into the sediment, but generally use plant lacunae to vent it to the
atm osphere (Howes et al. 1985). Plant respiration is correlated with the nitrogen content of the
plant (Ryan 1991; Reich et al. 1998). Rhizom e respiration rates are affected by nutrient supply
and age. Respiration rates tend to increase as nutrient supply increase and by-products of
increased respiration may be coupled to increased am monium assim ilation (Cizova and Bauer
1998). Rhizom e respiration rates tend to decrease with age as metabolically active tissue is
replaced by starch (Cizova and Bauer 1998). The exception to this rule is in the springtime,
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when the stored energy in the rhizomes is translocated to growing shoots, leading to higher
respiration in the oldest rhizomes.
Soil CO 2 production is primarily mediated by microbes and is a measure of the rate of
organic m atter decom position in the soil. About 80% of belowground production is decom posed
in situ to CO 2 (Howes et al. 1985). Soil processes account for 10-20% of ecosystem respiration
(M iller et al. 2001). Soil C O 2 production is positively related to mean monthly temperature and
tends to peak in the m id-sum m er and then decline (M iller et al. 2001, Howes et al. 1985).
However, CO 2 production is higher in the fall than in the spring, probably due to increased
organic m atter input to the sediments in the fall (Howes et al. 1985). Soil respiration is affected
by marsh inundation and plant rhizom e quality. Increased inundation tends to decrease soil
respiration (M iller et al. 2001). The high sugar content of certain types of Spartina alterniflora
plants increases microbial respiration rates because sugar is more labile than starch (Seliskar et
al.

2 0 0 2 ).

Net ecosystem exchange (NEE) is the balance between carbon assim ilated into the marsh
system and the carbon lost from the system. NEE is an im portant variable in wetland stability
(Nyman et al. 1990). In times when wetlands rem ove more carbon from the atmosphere than
they release, this carbon can be stored in the wetland as peat, and help the wetland keep up with
rising sea levels. Oxidation of the peat can result in the loss of this stored carbon through
increased microbial respiration. W etlands can be both sources and sinks for carbon, and may
show large inter-annual variability (W ickland et al. 2001). W hether a particular wetland is a
source or a sink for carbon can also vary spatially across the marsh (M iller et al. 2001).
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Fig 2. The basic carbon cycle in tidal salt marshes.

Spartina alterniflora M arshes

General Characteristics
S. alterniflora is a m em ber of the grass family that grows in tidal salt water marshes
along the eastern coast of the U nited States. In Atlantic coastal salt marshes, local gradients in S.
alterniflora production are usually found (King et al., 1982). There is a tall form and a short
form, as well as interm ediate forms. S. alterniflora height and biom ass are generally greatest on
the banks of the feeding streams; this is where the tall forms are found. The short form is
generally found in the interior of the marsh. The tall form has 3 to 5 times the annual production
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of the short form, and can account for 30-50% of total marsh production (King et al. 1982).
There are two main factors that appear to affect plant growth: soil water movement and
porew ater sulfide concentrations (King et al. 1982), although other factors may also be
im portant. The relationship between these two factors is not clear, but it has been suggested that
at the plant level the m ajor growth limiting factor is sulfide concentrations, while at the
ecosystem level, the m ajor lim iting factor is soil water m ovem ent (King et al. 1982). Soil water
m ovem ent tends to be highest in areas with tall forms. These areas show both vertical and lateral
water m ovem ent and presum ably result in high flushing of the pore spaces. Areas with short
forms tend to show little to no water movement and presumably have poor flushing. Redox
profiles are correlated with plant height in the marsh (King et al. 1982). Sulfide concentration in
porew ater is inversely correlated with soil water flow and plant production (King et al. 1982).
Tall forms are also typically found in areas with lower salinity than the short forms (Bagwell et
al. 1998). Zinc and copper concentrations were found to be higher in the tissues of the short
form of S. alterniflora (Omes et al. 1998). It is possible that excess copper may be toxic to this
plant, causing reduced growth (W addell and Kraus 1990). The difference in zinc concentration
may simply be due to phosphorus limitation in the marshes with the short form. It has been
suggested that high phosphorus concentration in the tissues may prevent the plant from taking up
zinc; all the short forms had low phosphorus (and high zinc), while the tall forms showed the
opposite pattern (Omes et al. 1998). There does not appear to be any difference between the
am ount of Mn and iron in the tissues of the tall and short forms (Om es et al. 1998).

Effects o f HS on S. alterniflora growth
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Excess sulfide is toxic to plants. High levels of sulfide in porew ater reduce the
efficiency of nitrogen uptake by the plants (Bagwell et al. 1998). Reduced nitrogen uptake may
result in decreased production for the plant and would lead to shorter forms of S. alterniflora.
Sulfide also lowers O 2 availability in the soil (King et al. 1982). This may cause the roots to
shift from oxidative metabolism to ferm entative metabolism. Ferm entative metabolism results in
less energy for the plant to use for nutrient uptake and growth (King et al. 1982), and could result
in the shorter form. It is interesting that there does not appear to be any correlation between the
rate of bacterial sulfate reduction and the growth form of the plant (King et al. 1982). It is
possible that differences in the am ount of hydrogen sulfide in the porew ater are prim arily due to
differential precipitation of iron sulfides. Areas with tall growth forms will have more
precipitation of iron sulfides because they have a larger pool of iron than the areas with the
shorter forms of S. alterniflora. In addition, the formation of hydrogen sulfide requires anoxic
conditions; taller plants may deliver more oxygen down to the rhizosphere.
Sulfur is an im portant redox elem ent in aquatic systems and it is responsible for a num ber
of im portant biogeochem ical processes (Luther et al. 1986). Some of these processes are: sulfate
reduction, pyrite formation, metal cycling, salt marsh energetics, and atmospheric sulfur
em issions (Luther et al. 1986). In the salt marshes there are high sulfate concentrations (from
seawater) and organic sulfur (from the plants). These and other forms of sulfur can be reduced to
form sulfide in the anoxic zone of the soil (Fig. 3). In this process, low m olecular weight organic
carbon com pounds tend to act as electron donors, and organic sulfur or sulfate act as the terminal
electron acceptor. An exam ple of this process is shown in the following equation (Mitsch and
G osselink 1993):
4 H 2 + S 0 42 -> H 2S + 2H 20 + 2 0 H
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This reaction can occur over a range of pH, but it occurs at the fastest rate at neutral pH (Mitsch
and Gosselink 1993). The resulting sulfide has two basic fates. If iron (II) is available, the
sulfide may com bine with the iron to form poorly soluble pyrite that is usually buried in the
anoxic zone. The sulfide may also travel out of the anaerobic soil layer, up into the aerobic soil
layer. Here the sulfide is re-oxidized to sulfate (or another form of sulfur). If the sulfide is not
re-oxidized it may diffuse out of the soil and into the atmosphere. The balance between these
processes can differ between marshes, soil depth and the time of the year. In one marsh (Luther
et al. 1986) they found that in warmer, more productive seasons, sulfur is transform ed from
inorganic to organic species; and in colder, less productive times, sulfur is transform ed from
organic to inorganic forms.

S o i l la ye r

Org. S
Org. 5

Soil lawn

F eS

Fig. 3: The basic sulfur cycle in a tidal salt marsh.

Changes in the rate of sulfate reduction over the year is im portant since the end products
of sulfate reduction are reactive and influence the chemical com position of the sedim ent (Hines
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et al. 1989). Therefore, they have the potential to affect many factors of the ecosystem including
plant growth. Plant growth, in turn, can influence sulfate reduction by releasing organic
com pounds into the soil. Plants can also influence sulfate reduction by changing redox
potentials in the soil through the enhancem ent of gas diffusion and evapotranspiration (Hines et
al. 1989). Near the rhizom es, sulfate reduction tends to be highest in the sum m er months and
decreases to its lowest rate in the fall; sulfide concentrations follow ed a sim ilar pattern (Hines et
al. 1983; Rooney-varga et al. 1997). In the summer, roots produce high quantities of
carbohydrates when the plant is growing (Hines et al. 1989). In the late sum m er and early fall,
carbohydrate production is reduced as the plants flow er (Hines et al. 1989), resulting in a
concurrent decrease in sulfate reduction activity. In the short forms of Spartina alterniflora,
however, there are no apparent trends in sulfate reduction over the seasons. The short forms of
the plant do not produce large am ounts of new rhizomes during their aboveground growth spurt
(Hines et al. 1989). This pattern was also not apparent in the bulk soil away from the rhizomes
(Ramos et al. 2000).

Photosynthetic capacity
S. alterniflora is a C 4 plant; an adaptation that it shares with many plants that thrive in
drought conditions. C4 photosynthesis is a useful adaptation for a salt marsh plant because salt
marsh soils have low w ater potential due to their high salt content (M itsch and Gosselink 1993).
Photosynthesis requires that the stomata be open during the process, this leads to high
evapotranspiration, which can be a problem when water is not readily available. C4 plants can
w ithdraw C 0 2 from the atm osphere until its concentration drops below
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ppm; 10-60 ppm

lower than C 3 plants (M itsch and Gosselink 1993), and therefore are more efficient in their use of
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CO2 than C3 plants. C4 plants use PEP (phosphenolpyruvate) as the CO2 acceptor, which allows

for the possibility of recycling of CO2 from respiration (Mitsch and G osselink 1993). C4 plants
can use much more intense sunlight for photosynthesis; C3 plants usually reach their Pmax at 1/21/4 of full sunlight intensity, while C4 plants reach it near full intensity (Mitsch and Gosselink
1993). C4 plants are more efficient users of water, have a lower respiration rate in the light, and
have a higher tem perature optim um (M itsch and Gosselink 1993).
There do not appear to be any differences in photosynthetic capacity between the tall and
the short forms of S. alterniflora (Dai and W iegert 1997), although, the short form behaves as an
interm ediate between a C3 and a C4 plant (Mitsch and Gosselink 1993). Total net productivity
was found to be much higher in the tall form than in the short form, possibly because the tall
form tended to have higher leaf nitrogen (Dai and W iegert 1997). Each additional mmol of leaf
nitrogen can increase Pmax up to 0.20 umol C O fva leaf area/s in the sum m er time (Dai and
W iegert 1997). This suggests that differences in production between different populations may
be due to differences in leaf nitrogen. Photosynthesis increases with increasing leaf nitrogen
concentration and tem perature up to a certain point, where it levels off (Dai and W iegert 1997).
In one study, Pmax was found to never exceed 1000 umol/m /s, and the Q 10 value for net leaf
photosynthesis was 1.8 (Dai and W iegert 1997). For an unshaded leaf in a tall population,
photosynthetic capacity is most likely limited by leaf nitrogen in the summer and temperatures in
the w inter (Dai and W iegert 1997).

The Hypothesis of Ecosystem Development
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A new com m unity goes through several stages of developm ent before reaching a climax
com m unity. Each stage affects both the abiotic and the biotic factors of the next stage. The
sequence of stages affects the plant and animal com munities as well as the abiotic environm ent
of the resulting ecosystem. To study ecological succession from the early stages usually requires
a catastrophic event of some type that wipes out all organisms from an area and allows re
colonization. However, some factors (such as soil type) from the previous com munity remain
and may influence the re-colonization event. Created wetlands offer a unique opportunity to
exam ine the principles of ecological succession. In the creation process, the soil is usually
stripped down to a subsoil, and the hydrology of the area altered. This allows a com pletely
different type of ecosystem to form in place of the previous one.
The main principles of ecosystem succession were developed by Odum (1969). He
included a num ber of hypotheses about the evolution of different param eters of ecosystems
(production, diversity, com plexity, etc.) during succession. O dum ’s (1969) definition of
ecological succession consisted of three main principles. First, there is an orderly procession of
com m unity developm ent that is generally directional and is, therefore, predictable. Second,
com m unity developm ent results from changes in the physical environm ent caused by the
com m unity itself. Third, at the end of developm ent, the com m unity reaches a stable climax
com m unity.
Odum (1969) suggested that his hypothesis of the evolution of production could be used
to assess the functional level of an ecosystem . In a young system, functional levels should be
low, whereas in a climax com m unity they should be high. During the late stages of succession
there is a fundam ental shift in energy flow as increasing flow is relegated toward maintenance.
A stabilized ecosystem (one which is no longer developing) has reached a state of maximum
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protection, or, the maxim um support of the complex biom ass structure. One way of evaluating
the functional stage of an ecosystem would be to look at the ratio of gross primary production (P)
to com m unity respiration (R). In the early stages of succession, P should be greater than R —
making the P/R ratio greater than one. As succession continues, and energy is redirected towards
maintenance, the P/R ratio will decrease. In the climax com m unity, P will be approximately
equal to R and therefore, the P/R ratio will equal one. During early stages of succession (when
P>R) there will be high production in the ecosystem (Odum, 1969). High production results in
high levels of detritus, an im portant com ponent in organic soil formation. By creating new soil,
O dum ’s second principle (changes in the com munity result from changes in the physical
environm ent, caused by the previous com m unity) would be fulfilled. Research in forest
ecosystem s supports the theory that net ecosystem production will change with ecosystem
maturation (Lichter 1998).

25

Literature Cited

Agosta, K. (1985) The effect of tidally induced changes in the creekbank water table on
porew ater chemistry. Estuarine, Coastal, and Shelf Science. 21(3): 389-400.
A nderson, I.C., C.R. Tobias, B.B. Neikirk, and R.L. Wetzel. (1997) D evelopm ent of a processbased nitrogen mass balance model for a Virginia (USA) Spartina altem iflora salt marsh:
Im plications for net DIN flux. M arine Ecological Progress Series. 159: 13-27.
Bagwell, C.E., Y.M. Piceno, A. Ashbum e-Lucas, and C.R. Lovell. (1998) Physiological
diversity of the rhizosphere diazotroph assemblages of selected salt marsh grasses. 64(11):
4276-482.
Bouchard, V. and J. Lefeuvre. (2000) Primary production and m acro-detritus dynamics in a
European salt marsh: carbon and nitrogen budgets. Aquatic Botany. 67: 23-42.
Broome, S.W ., E.D. Seneca, and W.W. W oodhouse, Jr. (1986) Long-term growth and
developm ent of transplants of the salt-marsh grass Spartina altem iflora. Estuaries. 9(1): 63-74.
Carlson, P.R., Jr. and J. Forrest. (1982) Uptake of dissolved sulfide by Spartina a ltem iflo ra :
evidence from natural sulfur isotope ratios. Science. 216(4546): 633-635.
Cham bers, R.M ., J.W. Elarvey, W.E. Odum. (1992) Ammonium and phosphate dynamics in a
V irginia salt marsh. Estuaries. 15(3): 349-359.
Cizkova, H. and V. Bauer. (1998) Rhizom e respiration of Phragm ities australis: Effect of
rhizom e age, temperature, and nutrient status of the habitat. Aquatic Botany. 61: 239-253.
Craft, C.B., S.W. Broome, and E.D. Seneca. (1988) Nitrogen, phosphorus and organic carbon
pools in natural and transplanted marsh soils. Estuaries 11(4): 272-280.
Craft, C.B., S.W. Broome, and E.D. Seneca. (1989) Exchange of nitrogen, phosphorus, and
organic carbon between transplanted marshes and estuarine water. Journal of Environmental
Quality 18(2): 206-211.
Craft, C.B., E.D. Sencca, and S.W. Broome. (1991) Porew ater chem istry of natural and created
marsh soils. Journal of Experim ental M arine Biology and Ecology. 152: 187-200.
Craft, C., J. Reader, J.N. Sacco, and S.W. Broome. (1999) Tw enty-five years of ecosystem
developm ent of constructed Spartina altem iflora (Loisel) marshes. Ecological Applications.
9(4): 1405-1419.
Craft, C. (2000) Co-developm ent of wetland soils and benthic invertebrates com munities
follow ing salt marsh creation. W etlands Ecology and M anagem ent. 8: 197-207.

26

Craft, C., P. M egonigal, S. Broome, J. Cornell, R. Freese, J. Stevenson, L. Zheng, and J. Sacco.
(in press) The pace of ecosystem developm ent of constructed Spartina altem iflora marshes.
Ecological Applications.
Dai, T. and R.G. Wiegert. (1997) A field study of photosynthetic capacity and its response to
nitrogen fertilizer in Spartina altemiflora. Estuaries, Coastal and Shelf Science. 45(2): 273-283.
Dame, R.F. and L.R. Gardner. (1993) Nutrient processing and the developm ent of tidal creek
ecosystem s. M arine Chemistry. 43: 175-183.
D eLaune, R.D., C.H. Smith, W.H. Patrick, Jr. (1983) Nitrogen losses from a Louisiana Gulf
Coast salt marsh. Estuarine, Coastal and Shelf Science. 17( 2): 133-141.
Delaney, T.P., J.W. W ebb and T.J. M inello. (2000) Comparison of physical characteristics
between created and natural estuarine marshes in Galveston Bay, Texas. W etlands Ecology and
M anagem ent. 8: 343-352.
D rake, B.G. and M. Read. (1981) Carbon dioxide assimilation, photosynthetic efficiency, and
respiration of a Chesapeake Bay salt marsh. Journal of Ecology. 69: 405-423.
Hines, M.E., S.L. Knollm eyer, and J.B. Tugel. (1989) Sulfate reduction and other sedimentary
biogeochem istry in a northern New England salt marsh. Lim nology and Oceanography. 34(3):
578-590.
Howes, B.L., J.W .H. Dacey, and J.M. Teal. (1985) Annual carbon m ineralization and
below ground production of Spartina altem iflora in a New England salt marsh. Ecology. 66:
595-605.
Howes, B.L. and D.D. Goehringer. (1994) Porew ater drainage and dissolved organic carbon
and nutrient losses through the intertidal creekbanks of a New England salt marsh. M arine
ecology progress series. 114(3): 289-301.
King, G.M ., M.J. Klug, R.G. W iegert, and A.G. Chalmers. (1982) Relation of soil water
m ovem ent and sulfide concentration to Spartina altem iflora production in a Georgia salt marsh.
Science. 218(4567): 61-63.
Langis, R., M. Zalejko, and J.B. Zedler. (1991) Nitrogen assessm ents in a constructed and a
natural salt marsh of San Diego Bay. Ecological Applications. 1(1): 40-51.
Levin, L.A., D. Talley, and G. Thayer. (1996). Succession of m acrobenthos in a created salt
marsh. M arine Ecological Progress Series. 141(1-3): 67-82.
Lichter, J. (1998) Primary succession and forest developm ent on coastal Lake M ichigan sand
dunes. Ecological M onographs. 68(4): 487-510.

27

Luther, G.W. Ill, T.M. Church, J.R. Scudlark, and M. Cosman. (1986). Inorganic and organic
sulfur cycling in salt-marsh pore waters. Science. 232(4751): 746-749.
M cKenna, Jr. J.E. (2003) Com m unity metabolism during early developm ent of a restored
wetland. W etlands. 23(1): 35-50.
M ann, C. and R. Wetzel. (1999) Photosynthesis and stomatal conductance of Juncus effuses in a
tem perate w etland ecosystem. Aquatic Botany 63: 127-144.
M iller, W .D., S.C. Neubauer, and I.C. Anderson. (2001) Effects of sea level disturbances on
high salt marsh metabolism. Estuaries. 24: 357-367.
M inello, T.J. (2000) Tem poral developm ent of salt marsh value for nekton and epifauna:
utilization of dredged material marshes in Galveston Bay, Texas, USA. W etlands Ecology and
M anagem ent. 8: 327-341.
M itsch, W.J. and J.G. Gosselink. (1993) W etlands. 2nd edition. Van N ostrand Reinhold. New
York, NY.
M oy , L.D. and Levin, L.A. (1991) Are Spartina marshes a replaceable resource: a functional
approach t o evaluation of marsh creation efforts. Estuaries. 14(1): 1-16.
N eubauer, S.C., W.D. Miller, and I.C. Anderson. (2000) Carbon cycling in a tidal freshwater
marsh ecosystem : a carbon gas flux study. M arine Ecology Progress Series. 199: 13-30.
N ym an, J.A. and R.D. DeLaune. (1991) C O 2 em ission and soil Eh responses to different
hydrological conditions in fresh, brackish and saline marsh soils. Lim nology and Oceanography.
36: 1406-1414.
N ym an, J.A., R.D. DeLaune, and W.H. Patrick, Jr. (1990) W etland soil formation in the rapidly
subsiding M ississippi River Deltaic Plain: M ineral and organic matter relationships. Estuarine,
Coastal and Shelf Science. 31: 57-69.
Odum, E.P (1969) The strategy of ecosystem development. Science. 164: 262-270.
Odum, E.P. (1980) The status of three ecosystem -level hypotheses regarding salt marsh
estuaries: tidal subsidy, outwelling, and detritus-based food chains. Estuarine Perspectives,
Proceedings of the fifth biennial international estuarine research conference; Jekyll Island,
Georgia, O ctober 7-12 1979. pp. 485-507.
O m es, W .H, K.S. Sajwan, B.G. Loganathan, and C.S. Chetty. (1998) Com parison of selected
elem ent concentrations in tall and short forms of Spartina altemiflora. M arine Pollution Bulletin.
36(5): 390-395.

28

Osgood, D.T. and J.C. Zieman. (1993) Factors controlling aboveground Spartina altem iflora
(Smooth Cordgrass) tissue elem ent composition and production in different-age barrier island
marshes. Estuaries. 16(4): 815-826.
O sgood, D.T. and J.C. Zieman. (1993) Spatial and temporal patterns of substrate
physiochem ical param eters in different-aged barrier island marshes. Estuarine, Coastal and
Shelf Science. 37: 421-436.
Osgood, D.T. and J.C. Zieman. (1998) The influence of subsurface hydrology on nutrient
supply and smooth cordgrass (Spartina altem iflora) production in a developing barrier island
marsh. Estuaries. 21(4B): 767-783.
Page, H.M ., R.L. Petty and D.E. Meade. (1995) Influence of w atershed runoff on nutrient
dynam ics in a southern C alifornia salt marsh. Estuarine, Coastal and Shelf Science. 41: 163180.
Pethick, J.S. (1981) Long-term accretion rates on tidal salt marshes. Journal of Sedimentary
Petrology. 51(2): 571-577.
Pezeshki, S.R., R.D. D eLaune and J.H. Pardue. (1992) Sedim ent addition enhances transpiration
and growth of Spartina altem iflora in deteriorating Louisiana G ulf Coast salt marshes.
W etlands Ecology and M anagem ent. 1(4): 185-189.
Pezeshki, S.R. and R.D. DeLaune. (1993) Effects of soil hypoxia and salinity on gas exchange
and growth of Spartina patens. M arine Ecological Progress Series. 96(1): 75-81.
Pezeshki, S.R. and R.D. DeLaune. (1995) Variations in response of two U.S. G ulf Coast
populations of Spartina altem iflora to hypersalinity. Journal of Coastal Research. 11(1): 89-95.
Piehler, M .F., C.A. Currin, R. Cassanova, and H.W. Paerl. (1998) D evelopm ent and N2-fixing
activity of the benthic microbial com munity in transplanted Spartina altem iflora marshes in
North Carolina. Restoration Ecology. 6(3): 290-296.
Ram os, C., L. M olbak, and S. M olin. (2000) Bacterial activity in the rhizosphere analyzed at
the single-cell level by m onitoring ribosomes contents and synthesis rates. Applied
Environm ental M icrobiology. 66(2): 801-809.
Reich, P.B., M.B. W alters, D.S. Ellsworth, J.M. Vose, J.C. Volin, C. Gresham, W.D. Bowman.
(1998) Relationships of leaf dark respiration to leaf nitrogen, specific leaf area and leaf life
span: a test across biomes and functional groups. Oecologia. 114(4): 471-482.
Rooney-Varga, J.N., R. Devereux, R.S. Evans and M.E. Hines. (1997) Seasonal changed in the
relative abundance of uncultivated sulfate-reducing bacteria in a salt marsh sediment and in the
rhizosphere of Spartina altem iflora. Applied Environmental M icrobiology. 63(10): 3895-3901.

29

Ryan, M.G. (1991) Effects of climate change on plant respiration. Ecological Applications.
1(2): 157-167.
Sacco, J.N., E.D. Seneca, and T.R. W entworth. (1994) Infaunal com munity developm ent of
artificially established salt marshes in North Carolina. Estuaries. 17(2): 489-500.
Scatolini, S.R. and J.B. Zedler. (1996) Epibenthic invertebrates of natural and constructed
marshes of San D iego Bay. W etlands. 16(1): 24-37.
Seliskar, D.M ., J.L. Gallagher, D.M. Burdick, and L.A. Mutz. (2002) The regulation of
ecosystem functions by ecotypic variation in the dom inant plant: a Spartina altem iflora
saltmarsh case study. Journal of Ecology. 90(1): 1-11.
Sherr, B.F. and W.J. Payne. (1978) Effect of the Spartina altem iflora root-rhizome system on
salt marsh soil denitrifying bacteria. Applied Environm ental M icrobiology 35(4): 724-729.
Smith, C.J., R.D. DeLaune, and W.H. Patrick, Jr. (1983) Carbon dioxide em issions and carbon
accum ulation in coastal wetlands. Estuarine, Coastal and Shelf Science. 17: 21-19.
Streever, W.J. (2000) Spartina altem iflora marshes on dredged material: a critical review of the
ongoing debate over success. W etlands Ecology and M anagem ent. 8: 295-316.
Stumpf, R.P. (1983) Process of sedimentation on the surface of a salt marsh. Estuarine,
Coastal, and Shelf Science. 17(5): 495-508.
Sullivan, M.J. and F.C. Diaber. (1974) Response in production of cordgrass, Spartina
a ltem iflo ra, to inorganic nitrogen and phosphorus fertilizer. Chesapeake Science 15(2): 121123.
Teal, J.M. and J. Kanwisher. (1961) Gas exchange in a Georgia salt marsh. Limnology and
Oceanography. 6(4): 388-399.
Thom pson, S.P., H.W. Paerl, and M.C. Go. (1995) Seasonal patterns of nitrification and
denitrification in a natural and restored salt marsh. Estuaries 18(2): 399-408.
Tobias, C.R., I.C. Anderson, E.A. Canuel and S.A. M acko. (2001) Nitrogen cycling through a
fringing m arsh-aquifer ecotone. M arine Ecological Progress Series. 210: 25-39.
Turitzin, S.N. and B.G. Drake. (1981) The effect of a seasonal change in canopy structure on
the photosynthetic efficiency of a salt marsh. Oecologia. 48: 79-84.
Tyler, A.C. and J.C. Zieman. (1999) Patterns of developm ent in the creekbank region of a
barrier island Spartina altem iflora marsh. M arine Ecological Progress Series. 180: 161-177.

30

Valiela, I. (1983) Nitrogen in salt marsh ecosystems. Pages 649-678 in E.J. Carpenter and D.G.
Capone, editors. N itrogen in the marine environment. Academ ic Press, San Diego, California.
USA.
W addell, D.C. and M.L. Kraus. (1990) Effects of CuCC on the germination response of two
populations of the saltmarsh cordgrass, Spartina altem iflora. Bulletin of Environm ental
Contam ination and Toxicology 44(5): 764-769.
W hite, D.S. and B.L. Howes. (1994) Nitrogen incorporation into decom posing litter of Spartina
altem iflora. Lim nology and Oceanography. 39(1): 133-140.
W hiting, G.J. and D.L. Childers. (1989) Subtidal advective water flux as a potentially important
nutrient input to southeastern U.S.A. saltmarsh estuaries. Estuarine, Coastal and Shelf Science.
28(4): 417-431.
W ickland, K.P. R.G. Striegl, M.A. M ast, and D.W. Clow. (2001) Carbon gas exchange at a
southern Rocky M ountain wetland, 1996-1998. Global Biogeochem ical Cycles. 15: 321-335.

31

Chapter 2
Ecosystem gas exchange in created and natural salt marshes of Tidewater, Virginia

INTRODUCTION

Tidal wetlands are an im portant feature of coastal systems. They can absorb floodwaters
or filter toxins and excess nutrients from streams (Mitsch and G osselink 1993). However, they
are frequently im pacted or destroyed by coastal development. W etland creation is one method of
m itigating for the loss of natural wetlands and involves the conversion of upland area to marsh,
or planting a marsh on dredge spoils. These created marshes may have sim ilar plant
com m unities, soils and hydrologic cycles to natural wetlands, but they are always young in terms
of successional developm ent com pared to natural marshes. Therefore, created wetlands may not
replace the original, natural wetlands in some or all of their functions.
Previous research on the developm ent of natural ecosystem function within created
marshes has focused prim arily on structural characteristics and pool sizes.

Certain

characteristics appear to becom e sim ilar to natural systems fairly quickly, such as above and
below ground biomass of Spartina altem iflora (Broome et al. 1986, Craft et al. 1999) and nekton
use (M inello 2000). Porew ater chem istry should also develop relatively quickly, because it is
largely dictated by the hydrology of the marsh (Tyler and Zieman 1999). However, soil organic
m atter pools require decades to resem ble natural marshes (Craft et al. 1988, 1989, 1991, Langis
et al 1991). Epifauna and infauna com munity developm ent require soil organic matter,
therefore, they can take a relatively long period of time to develop (Sacco et al. 1994, Levin et al.
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1996, Scatolini and Zedler 1996). This order of ecosystem developm ent is not much different
from natural w etland ecosystem development, which suggests that created wetlands may change
over time to function in a sim ilar m anner to natural wetlands.
In contrast to the large am ount of work on changes in the structure of created wetlands,
few studies have considered changes in basic ecosystem s processes such as gas exchange. Odum
(1969) hypothesized that an ecosystem in early succession should have a high (< 1) ratio of
photosynthesis to respiration, while a more mature system should have a lower ratio (s 1). If this
hypothesis holds for tidal marsh systems, we would expect to see a decrease in the P:R ratio of
marshes with increasing age, and this pattern should also be apparent in created marshes of
different ages.
The purpose of this study was to determine the rate at which the carbon cycle in created
tidal wetlands matures. Specifically, we determ ined how certain processes such as primary
production and respiration changed in concert with structural characteristics such as soil organic
matter over time. Second, we determ ined whether created marshes become sim ilar in function to
natural tidal salt marshes as they mature.

M ETHODS

Site Descriptions
The three sites used in this study each contained a created salt marsh im mediately
adjacent to a natural salt marsh (Fig. 1). The three created marshes represented a
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chronosequence. At the time of sampling, the youngest was 4 years old (Air Power Park), the
m iddle was 9 years old (Operation Smile) and the oldest was 22 years old (Goose Creek).

All of

the natural marshes are over 50 years old (Craft, unpublished data), and were considered to be
mature.
Goose Creek (GC) is approxim ately 4 ha in size, was planted in 1980, and is surrounded
on three sides by forest. It was originally planted with S. a ltem iflo ra, but has become primarily
a Phragm ities australis marsh.
Spartina altem iflora.

The natural marsh is less than 2 ha in size and is dom inated by

Tidal water enters the natural marsh system from the creek, and the

created marsh through a channel that connects the marsh to Goose Creek. W e established
transects in both the created and natural marsh running perpendicular to the main tidal stream.
The natural marsh transect com m unity was prim arily S. altemiflora', while the created marsh
transect com m unity was prim arily Scirpus robustus with some S. altem iflora.
Operation Smile (OS) salt marsh was planted in 1992. It has a small forest buffer on the
south side, a pow er plant on the north, and is approxim ately 1/2 ha in size.

It was dom inated by

S. altem iflora, but was invaded by Phragm ities australis around 2001. The natural marsh is
prim arily surrounded by residences. It is approxim ately 1 ha in size and the plant com m unity is
dom inated by S. altem iflora. Tidal water enters the marsh system through a stream that dissects
the natural marsh, then flows into the created marsh. Both transects in the created and natural
marsh ran parallel to the tidal stream and consisted prim arily of S. altem iflora.
A ir Pow er Park (AP) salt marsh is about 1/2 ha in size and was planted in 1997.

The

natural marsh is approxim ately 2 ha in size. Both marshes are surrounded by a border of grass
and shrubs. The water enters the marsh system through a stream in the natural marsh and then
flows into the created marsh. Both created and natural marshes were both dom inated by S.
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altem iflora. Transects in both marshes ran perpendicular to the tidal stream and consisted
prim arily of S. altem iflora.

Experim ental Design
One-20 m long transect was established in each marsh. To the extent possible, the
transects within a pair of created and natural marshes were oriented the same way with respect to
the tidal creek and elevation. All of the transects were located near the largest tidal creek for
feeding the marsh. A 0.25 m x 0.3 m deep aluminum base was perm anently inserted into the
ground at five randomly chosen plots along each transect. Bases were pushed into the ground
until about 3 cm was left exposed, preventing water from accum ulating inside the bases for any
length of time. These bases sealed the ground off from airflow when a cham ber was placed on
top.

Net Ecosystem Exchange and Respiration M easurements
Carbon flux sampling began in O ctober 2000 and ended in D ecem ber 200T Flux
m easurem ents were made at low tide and during the hours of highest light (usually 9 am to 4pm).
We sam pled once a month at each marsh using a transparent, enclosed cham ber attached to a LiCOR 6400, a portable com puter that is attached to an InfraRed Gas A nalyzer (IRGA) (Fig. 2).
The cham ber was 0.25 m 2 at the base, and tall enough so that the plants would not be bent during
flux m easurements. The cham ber was made of a lightweight aluminum frame covered with a
transparent, heat-permeable plastic. It was open at the bottom where it attached to the base
located at each plot. A door on the cham ber could be opened to ventilate the inside of the
cham ber between measurements. During measurements, fans inside the cham ber mixed the air.
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The cham ber was securely attached to the base with clamps. The Li-COR 6400 pum ped
air from the cham ber into the IRGA, which m easured the am ount of C O 2 in the air and the air
temperature; the air was then returned to the chamber. CO 2 m easurements were taken at
approxim ately 7 second intervals and the change in C O 2 was integrated over an appropriate
(user-defined) time period to calculate the CO 2 flux. A positive change in C O 2 indicated net
photosynthesis, and a negative change indicated net respiration.
At each plot, we made one set of 3-8 flux m easurements at four light levels (100%, 50%,
25% and 0% of ambient). The length of each measurem ent varied between 15 s and 1 min,
depending on the net rate of CO 2 flux at that time of the year. Low rates of net CO 2 flux required
longer m easuring times for accuracy. Light was m anipulated by covering the cham ber with
screening. The 100% reading represented net photosynthesis at am bient light, while the 0%
reading represented respiration of the plot. D uring the winter, when the plants were dead and no
measurable photosynthesis was occurring, we only m easured respiration.
The Li-COR 6400 logged photosynthetically active radiation (PAR) and soil temperature
at the same user-defined intervals as net CO 2 flux. PAR was m easured with a light m eter located
at the inside top of the chamber. An external soil probe was used to measure soil temperature.

Porew ater nutrients
Porew ater nutrients were sampled in the fall (O ctober 2001), winter (January 2002) and
spring (April 2002).

We collected the porew ater from 10-15 cm depth (about half-way into the

root zone) using Push Point samplers. Samples were collected at plots 1, 3, and 5. Porewater
[HS-] was preserved using zinc acetate and m easured using titration (Standard m ethods fo r the
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Exam ination o f W ater and W astewater, 1971). Porew ater [NH 4+] was m easured using the
phenolhypochlorite m ethod (Solorzano 1969).

Plot D istance to the Creek
The distance o f each individual plot to the nearest creek or channel was m easured in each
marsh. This was used as a co-variate in m ost analysis to ensure that differences between
m arshes w ere not entirely due to differences in transect placement.

Soil Characteristics
Soil cores were collected using a 2-inch diam eter corer at each plot and at five random
spots throughout each marsh. Com pression was estimated using the core length relative to the
hole depth. Each core was divided into 4 sections: 0-2 cm, 2-5 cm, 5-10 cm, and 10-20 cm, and
each section was sub-sam pled using a 30-mL syringe tube. The sub-sam ple size was 5 ml for the
0-2 and 2-5 cm sections, and 10 ml for the 5-10 and 10-20 cm sections. Larger samples were
taken from the larger sections to ensure adequate representation of organic matter. Sediment
organic m atter was determ ined using loss-on-ignition. Sub-samples were oven dried at 50°C for
3 days, weighed, then ashed at 500°C for 5 hours, and re-weighed. The difference between the
dry weight and the ashed weight represented the organic m atter mass in the sample, which was
expressed as a percentage of the total sedim ent dry weight.

M odeling Photosynthesis
W e regressed CO 2 flux (dependent variable) against photosynthetically active radiation
(PAR) for each set of m easurem ents per plot. We used one of the following two models to fit the
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regression. A linear equation (y = y0 + ax) was used when net ecosystem exchange did not reach
a Pmax due to low PAR. At other times a hyperbolic equation (y = y0 + [ax/(b+x)]) was used,
where yQrepresented the C O 2 flux at PAR = 0 and a and b are param eters that describe the initial
slope of the line and the value at which CO 2 flux ceases to change with a change in PAR (Pmax),
respectively.
W e used LTER (Porter et al. D ataset ID: VCR97018) hourly measurem ents of PAR as
the x value in the equations for each plot. PAR (Photosynthetically active radiation) and
tem perature readings used were taken on the Eastern Shore of V irginia during 2001. They
should be very sim ilar to the PAR levels and temperatures in N orfolk and Chesapeake, Virginia,
but may differ som ewhat from those in Elampton, Virginia, which is further from the coast than
the other two sites. In addition, the PAR levels and temperatures were m easured in an open,
unshaded area, while the sites used in this experim ent had forested areas around them.
Equations from the regressions were used to calculate instantaneous photosynthesis totals
for each plot hourly based on the PAR data, then the instantaneous photosynthesis totals were
sum m ed for the entire month in each plot, giving GPP for the month. The monthly sums from
each plot were sum m ed over a 12-month period (Jan-Dee 2001) to get an annual total for each
plot, which were then averaged for all five plots to get mean annual photosynthesis in each
marsh.

M odeling Respiration
For each plot, in each marsh, we regressed respiration values (net C O 2 flux when PAR =
0) against hourly air tem perature using annual data. We used air temperature rather than soil
tem perature, because hourly soil tem peratures were not available from the LTER database. The
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Ahrennius equation was used for the regression model, where In (CO 2 flux) was the dependent
variable and 1/ temperature (in K) was the independent variable. In general, we used an equation
based on the respiration over a year in a single plot. W hen these regressions were not
significant, we used an equation representing the respiration for the entire marsh over a year. In
one case, we used soil temperature versus respiration in the model because neither the per-plot
equation nor the per-marsh equation was significant when air temperature was used.
The regression equations were used to calculate a Q 10 value for each plot as follows: Q 10
= C 0 2flux rate @ 20°C/ C 0 2flux rate @ 10°C. Q 10S ranged from 4.6 to 1.7, with an average of
2 .8. Q 10 values were then used to calculate the hourly respiration values for each plot: for each
month, we calculated a mean respiration value and a mean temperature value for each plot, based
on the actual field measurements. These mean values were inserted in to the Q 10 equation to
calculate hourly respiration. We used LTER (Porter et al. D ataset ID: VCR97018) hourly
m easurem ents of tem perature and calculated the change in temperature from the mean of our
field m easurem ents for every hour. Q 10 values were used to relate the change in temperature
from the field measurem ents to a change in respiration rate. The hourly respiration values were
sum m ed for the entire month in each plot.

C alculating Net Ecosystem Exchange
N EE was calculated for each plot using the following equation: NEE = GPP-R, where
GPP is monthly net photosynthesis and R is monthly total respiration. We averaged all plots in
each marsh to get a mean m onthly m odeled NEE value (NEEm). Annual NEE for each marsh
was calculated as the sum of N EEm between Jan-Dee 2001.
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Statistical Analysis
D istance from the plots to the creek was m easured as a proxy for the length of
inundation at a plot and the amount of flushing that occurs in the porew ater of the sediment.
Since both length of inundation and the am ount of flushing can affect plant growth and
porew ater nutrients, and because some variables were correlated with distance from the creek,
we used this m easure as a co-variate in the analysis.
Biom ass, P, R, NEE, and salinity were analyzed using two-way ANOVAs with marsh
site and type as fixed factors and distance to creek as a covariate. [N H /] and [HS ] were
analyzed using a M AN O VA (all 3 samplings analyzed concurrently) with marsh site and type as
fixed factors and distance to creek as a covariate. Correlations were run between variables that
we believed should be related. GPP:R ratio was analyzed both un-norm alized and norm alized by
plot distance from the creek because the two variables were highly correlated.
Only biom ass samples from October 2001 were included in the statistical analysis
because they were taken from the same plots and during the same growing season as the C O 2
flux m easurements. Natural log transform ations were conducted when necessary, to ensure that
data met the requirem ents for norm ality and homoschdasticity. Significant differences were
established at p < 0.05.

RESULTS
A bove-ground Biom ass
Biom ass increased throughout the growing season at all sites (Fig. 3). In O ctober 2001,
biomass was significantly correlated with the distance of the plot from the creek, but did not
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differ significantly by either marsh site or type (Table 1). At both Air Pow er Park (AP) and
Operation Smile (OS), the created marsh had higher October biom ass than the natural marsh,
while biomass in the natural and created marshes at Goose Creek were similar. The difference in
biom ass between the created and natural marshes at AP was not statistically significant when
distance to water was factored into the analysis as a covariate. All plots at AP-C were within 2
m of the creek, while at AP-N the plots varied between 1-7 m from the creek.

Soil Organic M atter
Percent soil organic m atter (% SOM ) at Goose creek -created (GC-C), which was the
oldest created marsh, was fairly constant with depth (Figure 4), as was % SOM at all of the
natural sites. In the two younger marshes (AP-C and OS-C), % SOM decreased with depth.
Similarity between % SOM in the adjacent created and natural marshes increased with
the ages of the created marshes. Percent SOM was significantly positively correlated with marsh
age at all depths (Table 2). Increased age explained 40% of the variation in SOM in the top 2
cm, and 74% of the variation in SOM at 10-20 cm depth. A regression of marsh age and % SOM
at each depth was used to produce equations to predict the age at which % SOM at a given depth
should match the mature marshes (Fig. 5). The required age increased with depth from 20-25
years in the top 2 cm of soil, to 45-50 years in the 10-20 cm range. Percent SOM was also
positively correlated with distance from the creek edge at all depths (Table 2).

Porew ater Nutrients

41

N H 4+ concentration differed significantly between sites, but not by marsh type in the fall
or the w inter (Table 3). NH4+ concentrations were generally highest in the spring (Fig 6A),
although this pattern did not hold at OP-N, which tended to have the highest [NH4+], AP-C and
AP-N tended to have the lowest [NH4+]. N H 4+ concentrations were not significantly correlated
with any of the C O 2 flux measurements (Table 2).
FIS concentration differed significantly between sites, but not by marsh type in the spring
(Table 3). [HS-] generally were lowest in the w inter and higher in the spring and fall (Fig 6B).
Fall [HS-] showed a significant negative correlation with both annual P and R (Table 2),
suggesting that higher sulfide levels may be affecting P and R rates.

[HS-] m easured were very

low, this suggests that there may have been a problem with the collection method. Samples were
collected between 10-15 cm depth in the soil; this may not have been deep enough to find
representative samples. A nother possibility is that the porewater was exposed to oxygen during
the collection process, and most of the HS- was oxidized before it could be preserved.
Porew ater salinity differed significantly by site, but not by marsh type (Fig. 6C, Table 3),
and did not vary with distance to the creek. It was negatively correlated to yearly total
production and yearly total NEE across all marshes (Table 2), suggesting that higher salinity may
inhibit production in these marshes. Porew ater salinity was more strongly correlated with yearly
total production than with NEE.

M arsh Production and Respiration
Com parison o f annual production: GC-N had the highest annual gross prim ary production
(GPP) of all marshes (Fig. 7), as well as the highest annual net ecosystem exchange (NEE). The
created marsh at this site (GC-C) had sim ilar values for annual GPP, NEE, and respiration (R).
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Annual GPP was som ewhat higher in AP-C than in AP-N, however R and NEE were similar
between the two marshes. OS-C had the highest annual R (Fig. 7) and the lowest annual NEE of
all the marshes. OS-C had higher annual GPP than OS-N, but because it also had high
respiration, the NEE in the created site was lower than tin the natural site.
Annual P and R varied significantly with plot distance from the creek (Table 4). Both
annual P and R also differed significantly by site, but not marsh type. Annual NEE did not differ
significantly by either marsh site or type.

Comparison o f m onthly values: All marshes showed a decrease in NEE in the early spring (Fig.
8). Since I did not measure GPP in the early spring, NEE in these months was calculated strictly
from R measurements. D uring this period, the decreased NEE is reflecting increasing respiration
with rising temperature. All marshes were net heterotrophic in the winter and early spring, and
became autotrophic in the late spring (May). NEE peaked in the mid-sum m er, but the exact
tim ing of the peak varied among sites. The peak appeared to occur a month later at AP than at
the other two sites, likely due to differences in sam pling dates (Appendix 4). The OS June
sample was only taken 1 day before the AP July sample, so even though the months are different,
the NEE peak probably occurs at about the same time in all three marshes.
All marshes except for GC-N briefly became net heterotrophic in the late summer. At
both GC-N and OS-N the NEE peaked strongly again in the fall, while neither adjacent created
marsh showed this peak. At AP, both the created and natural marshes peak again in the fall,
although the effect was stronger in the created marsh.
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Comparison o f created and natural marshes: A plot of the m onthly NEE of created versus
natural marshes (Figure 9) showed that all points fall close to a 1:1 ratio line indicating the
created and natural marshes were functioning similarly in terms of NEE. The only exceptions
occurred in A ugust and Septem ber (at all sites), and October (at Air Pow er Park). When the
distance of the mean value for each point from a theoretical 1:1 ratio line was calculated, all
points were within one standard deviation except for the months of August and Septem ber (at all
sites), and O ctober (at Air Pow er Park).

GPP. R ratio: The GPP:R ratio did not differ significantly between marshes and there were no
obvious relationships with marsh age or type.

D ISCU SSION

C om paring NEE in created and natural marshes
M onthly NEE was very sim ilar in the created and natural marshes regardless of age. This
result is consistent with previous research that suggested above- and below-ground biomass in
created and natural marshes is equivalent by the time the marsh is approxim ately 4 years old
(Broome et al. 1986, Craft et al. 1999).
Seasonal patterns in the created and natural marshes were similar, except during the early
fall. The variation between marsh types during A ugust and Septem ber (and at AP, October) was
about 2 standard deviations greater than the variation during all other months. At GC, the
simplest explanation for these differences is related to plant com m unity com position. The
created marsh was dom inated by Scirpus robustus, while the natural marsh was dom inated by S.
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altem iflora. Scirpus robustus plants senesced in the middle of August, while S. altem iflora
rem ained green through the middle of Septem ber (personal observation), allowing the natural
marsh to have higher NEE when soil respiration began to fall in September. Tall form S.
a ltem iflo ra , which occurs at GC-N, typically has two periods of intense growth, one in the
spring and one in the fall (Reidenbaugh, 1983; Dai and W iegert, 1996).
At OS, there is no obvious explanation for these seasonal patterns; both marshes are
dom inated by S. altem iflora. A possible explanation at this site may be differences in porewater
[NH4+], OS-N had higher porew ater [NH4+] than OS-C during the time of the year when NEE
was not sim ilar in the two marshes. High nutrient concentration has been found to increase
production in S. altem iflora plants (Dai and W iegert 1997). This increased nutrient
concentration may be related to differences in hydroperiod or porew ater flushing between the
two systems.
AP-N is the only natural marsh where a fall peak in NEE was not apparent, and was the
only site with the short form of S. altem iflora.. The plants were very short (< 50 cm) except for
the plot im m ediately next to the creek. Short form S. altem iflora growth typically peaks just
once per year. AP-C has a plant com munity com posed entirely of tall form S. a ltem iflo ra , and
showed two peaks in NEE, although the fall peak was lower than the spring peak.
W ith the exception of GC-C, N EE dropped below zero in August. In most cases, this
decrease in NEE was due to a spike in R and a simultaneous decrease in GPP during the month
of August. These are sim ilar to results found in a study of gas exchange in a tidal freshwater
marsh of Virginia (N eubauer et al. 2000.), which reported R exceeding GPP in the late summer
and throughout the fall. This depression in N EE is likely due to temperature, which peaked in
August in 2001.

R increased with temperature according to an average Qio of 2.8 in this study.
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High tem peratures may also have increased evapotranspiration, raising porew ater and surface
salinity, which has a negative effect on photosynthesis (Bradley and M orris, 1990).

Com paring GPP:R ratio over the chronosequence
O ur data showed no connection between marsh age and GPP:R ratio in tidal salt marshes.
It did not support the hypothesis (Odum 1969) that the GPP:R ratio in mature marshes equals one
The G PP:R ratio in natural (mature) marshes covered a wide range of values, from >1 to almost
3. Interestingly, when plot-distance from the marsh was used to norm alized values of GPP:R,
the results were qualitatively consistent with O dum ’s (1969) hypothesis that GPP:R ratio is
higher in young ecosystem s, and decreases over time. Normalization was used to remove any
variation between sites due to differences in hydroperiod and sedim ent flushing resulting from
different tidal regimes. Plot-distance from creek is an imperfect estim ator of hydroperiod and
flushing, so the results from this norm alization should not be given too much weight. However,
these results do suggest that the application of this aspect of O dum ’s (1969) hypothesis to tidal
salt marshes may merit further study.

D istance to creek vs. organic matter in soil
There was a positive relationship between the percent soil organic m atter (% SOM ) at all
depths and the distance that the cores were from the creek channel (Table 2). Two processes
may be responsible for this correlation: decreasing inorganic sedim ent deposition with increasing
distance from the creek, and increased organic soil production with increasing distance from the
creek. Inorganic sedim ent can be brought into a marsh by tidal overwash (Friedrichs and Perry,
2001). As the water moves over the marsh surface, stems slow the w ater’s velocity (Yang,
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1998), and the sedim ent settles out. As distance from the creek increases, the potential amount
of sedim ent that can settle out of the water decreases, and the actual am ount of deposition also
decreases. Because more inorganic sedim ent is deposited near the creek, there is less dilution of
soil organic m atter by mineral sediments with increasing distance from the creek (Kastler and
W iberg, 1996; W ard et al., 1998).

Organic m atter content with depth
In both the created and the natural marsh at Goose Creek, SOM content rem ained fairly
constant over the depth of the core (Fig. 4A), which is expected for a mature marsh (W ard et al.,
1998). In the created marsh at OS, % SOM decreased with depth, while in the natural marsh,
% SOM was relatively constant with depth (Fig. 4B). The decrease in % SOM in the created
marsh was fairly large and it represented the change from accum ulated organic m atter on the soil
surface to the mineral parent material on which the marsh was created. This profile was typical
of the % SOM profile in a young, developing marsh (Ward et al., 1998), as was the created
marsh at Air Power Park. The SOM content at AP-N increased slightly with depth (see Fig. 4C),
suggesting a change in local sedim ent loading or hydroperiod.
The created marshes showed an increase in organic m atter with age, with the oldest
created marsh, GC-C, having % SOM sim ilar to the natural, mature marshes. The predicted age
of soil maturity was 20 years in top layer and 40 yrs in lowest layer, which is somewhat higher
that the 10-20 years that previous research would indicate (Piehler et al. 1998).

Salinity and Production
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There was a negative relationship between porew ater salinity and both primary
production and net ecosystem exchange. The relationship was stronger for P than for NEE,
probably because NEE also incorporates R, which according to our data, was not correlated with
salinity. This is consistent with the idea that high salinity could decrease nitrogen uptake, which
would affect photosynthesis (Bradley and M orris, 1990). High porew ater salinity creates osmotic
or specific ion stress that adversely affects root metabolism or can com petitively exclude NH4+
ions. Because plants invest most of their leaf nitrogen in to photosynthesis, a decrease in the
availability of nitrogen to the plants could greatly affect production.
Porew ater salinity is probably affected by two factors in these marshes. Site salinity
reflects the salinity of the river water that floods the site, and any contribution from groundwater
discharge. Salinity is also affected by the am ount of flooding, with a decrease in flooding
resulting in an increase in evapotranspiration, particularly during the sum m er months. High
evapotranspiration leads to high porew ater salinity because the water is selectively rem oved from
the porewater, increasing the salt to water ratio in the porewater.

CONCLUSIONS

W e had three hypothesis regarding the developm ent of created marshes: 1) NEE would
decrease with marsh age, eventually leveling off at levels similar to those in mature sites; 2)
Porew ater nutrients (NH 4+ and HS") w ould increase with marsh age until they had reached
m ature levels; and 3) SOM would increase with marsh age. We found that SOM was the only
variable that was clearly related to increasing marsh age. W ithin the limits im posed by betweenmarsh variability, it seemed that aboveground biomass and gas exchange were established in <4
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years, the age of our youngest marsh. This suggests that created marshes quickly replace the
functions of natural marshes lost to development in terms of gas exchange and carbon
sequestration (i.e. NEE).
In terms of net primary production, the created marshes were similar to their adjacent
natural marshes on a month-to-month basis, except in the fall. This may be due to differences in
plant community composition, differences in the porewater nutrient levels, or some factor
outside of the scope of this study. This fall disconnect between the created and natural marshes
would be an interesting area for further research.
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Figure 1. Map of marsh locations. Map of Virginia from Census Database at tiger.census.gov.

Air P o w e r
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Figure 2. Diagram of carbon flux sampling equipment. Air is pulled from the chamber into the IRGA, where the CO 2 content is
measured. The air is then returned to the chamber. A PAR meter and a temperature probe also gather information stored by the LiCor 6400.
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T able 1. A N O V A table. F ixed factors are Site (GC, OS, AP) and T ype (C and N), the covariate is plot distance from creek, N = 5.

Flux variable

Source

Df

MS

F statistic

P-value

Biom ass (Oct
2001)

D istance

1

1553364.293

5.041

0.035*

Site
Type
Site*Type
Error
Distance

2

770358.269
707479.635
684090.242
308115.907
170.027

2.500
2.296
2 .2 0 0

0.104
0.143
0.131

2.408

0.134

20142
2.548
2.497

0.140
0.124
0.104

2.541
1.239
9.816
4.359

0.125
0.308
0.005*
0.025*

1.797
1.370
5.567
2.874

0.193
0.274
0.027*
0.077

2.156
1.486
24.468
4.336

0.156
0.247
< 0 .0 0 1 *
0.025*

SOM
(0 - 2 cm)

(2-5 cm)

(5-10 cm)

( 1 0 - 2 0 cm)

Site
Type
Site*Type
Error
D istance
Site
Type
Site*Type
Error
Distance
Site
Type
Site*Type
Error
D istance
Site
Type
Site*Type
Error

1
2

23
1

2
1
2

23
1
2
1
2

23
1
2
1
2

23
1
2
1
2

23

151.251
179.938
176.290
70.606
176.435
86.040
681.553
302.657
69.434
130.857
99.769
405.307
209.287
72.810
94.957
65.449
1077.753
191.005
44.048

* = significant at 0.05
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Table 2. Pearsons correlation coefficients for soil and gas exchange variables.
Param eter 1
nh

Age

Distance to
creek

P

R

NEE

Fall
W inter
Spring

0.364
0.186
0.184

0.297
0.123
-0.124

-0.072
-0.371
0.115

-0.208
-0.297
0.267

-0.138
-0.130

Fall
W inter
Spring

0.404
-0.004
0.090

0.599*
0.208
0.293

-0.693**
-0.124
-0.136

-0.495*
-0.168
-0.310

-0.319

-0 . 1 2 0

-0.129

-0.512*

-0.056

-0.543*

0.405*
0.597**
0.511**
0.738**

0.407*
0.363*
0.389*
0.468**

-0.204
-0.351
-0.191
-0.304

-0.106
-0.340
-0.108
-0.288

-0 . 1 2 2
-0.045
-0.106
-0.046

-0.261
-0 . 1 2 0
0.137

-0.126
-0.416*
0.292

0.589**

0.528**
0.374*

4+
0 .1 2 2

HS

Salinity
SOM
cm
2-5 cm
5-10 cm
1 0 - 2 0 cm
0 -2

P
R
NEE

0.589**
0.528**

0 .0 2 2

0.148

-0.374*

f correlation based on n = 3 for N H / , H S' and salinity, otherwise n = 5
* = significant at the 0.05 level, ** = significant at the 0.01 level
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T able 3. A N O V A tables for p orew ater n u trient variables. F ixed factors are Site and
T ype, the co-variate is plot distance from the creek, N = 3.

Flux variable
[NH4+]
Fall

W inter

Spring

Source
Distance
Site
Type
Site*Type
Distance
Site
Type
Site*Type
D istance
Site
Type
Site*Type

Df

MS

F statistic

P-value

1

0.261
2.418
1.430
0.0492

0.542
5.021
2.969

0.477
0.028*
0.113
0.904

2
1
2

0 .1 0 2

0.0636
3.527
0.566
0.537

0.125
6.929
1.055

0.730
0 .0 1 1 *
0.314
0.381

2

2.812
1.966

1

1 .6 6 8

2

0.383

3.993
2.791
2.369
0.544

0.071
0.105
0.152
0.595

1

1

0 .0 0 0 1 0

2

0.00074

9.162
2.315
0.594
4.333

0 .0 1 2 *

2

0.00157
0.00039

1

0 .0 0 0 0 0 1

2

0 .0 0 0 2 1

1

0.000006
0.000018

1
2
1
2

1

1 .1 1 2

[H S]
Fall

W inter

Spring

Salinity

Distance
Site
Type
Site*Type
Distance
Site
Type
Site*Type
Distance
Site
Type
Site*Type
D istance
Site
Type
Site*Type
Error

2

2

0.000006
0.000217

1

0 .0 0 0 0 0 2

2

0.000018

1

1
2
1
2
11

7.127
79.634
2.094
13.711
4.988

0.016
2.706
0.081
0.236

0.145
0.457
0.041*
0.903
0 .1 1 1

0.781
0.794

0.189
6.748
0.071
0.545

0.672
0 .0 1 2 *
0.795
0.595

1.429
15.964
0.420
2.748

0.257
0 .0 0 1 *
0.530
0.108

* = significant at 0.05
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Table 4. ANOVA table for total annual values of CO 2 flux variables (P, R, and NEE).
Fixed factors are Site (GC, OS, AP) and Type (Created and Natural), the co-variate is
plot distance from the creek, N = 5.

Flux
variable
Annual P

Annual R

Annual
NEE

GPP:R

Df

MS

F statistic

P-value

1

26909156.950
37267635.901
244392.439
3965044.394
5872169.834

4.582
6.346
0.042
0.675

0.043*
0.006*
0.840
0.519

18.184
8.027
0.099
0.988

< 0 .0 0 1 *
0 .0 0 2 *
0.756
0.388

23

65510343.234
28918733.094
357113.448
3559073.821
3602663.161

Distance

1

8447407.030

1.518

0.230

Site
Type
Site*Type
Error

2

12828712.080
10656.239
2608607.063
5566031.553

2.305

0 .1 2 2

0 .0 0 2

0.469

0.965
0.632

3.083803
1.862672
1.788376

0.064
0.185
0.189

Source
D istance
Site
Type
Site*Type
Error
D istance
Site
Type
Site*Type
Error

Site
Type
Site*Type
Error

2
1
2

23
1
2
1
2

1
2

23
2
1
2

24

9.705507
5.862299
5.628472
3.147253

* = significant at 0.05
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Appendix 1: Specific Hypothesis

(Hoi) Net ecosystem exchange (NEE): NEE is directly related to temperature.
NEE is expected to be highest in the young created marsh, and lowest in the older,
natural marshes.

Tem perature affects both respiration and photosynthesis (Knorr 2000), so it is
expected they will be higher in the sum m er than in the winter. Photosynthesis should be
highest when leaf area is greatest; therefore, photosynthesis should be highest in the late
summer. Respiration rates are highly coupled to temperature, so they should be highest
in the sum m er when the air and soil temperatures are high.
In a young, developing ecosystem , production is usually higher than respiration,
while in a mature system production and photosynthesis are approxim ately equal (Odum
1969). Therefore, in a young marsh, the net ecosystem exchange (photosynthesis +
respiration) should be high since photosynthesis (CO 2 flux in to the plant) will be higher
than respiration (CO 2 flux out of the plant). In a mature marsh one would expect that net
ecosystem exchange should be lower, since photosynthesis and respiration should
balance each other. Hydrogen sulfide content of the soil may also affect the rate of
photosynthesis in the marsh by affecting plant nutrient uptake. Since the created marshes
are expected to have lower levels of hydrogen sulfide in the soil (see below), it supports
the idea that the created marshes should have higher rates of photosynthesis and thus
higher net ecosystem exchange.
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(Ho2) Porewater nutrients: NHL/ and HS" concentration should increase with
marsh age and therefore should be highest in the natural marshes.

Mean NH 4+concentration in porew ater has been shown to increase over time in
salt marshes (Tyler and Zieman 1999). Therefore, the natural marshes would be expected
to have higher NH4+concentrations than the created marshes although this may not be
true for the oldest created marsh, Goose Creek. A pattern of increasing NH 4+
concentration with marsh age may also be seen in the created marshes.
H igher concentrations of HS" are expected in the natural marshes than in the
created marshes. Natural marsh soils have been anoxic for a longer period of time, and
would have been inundated longer than the created marsh soils. The created soils may
have larger grain size than the natural ones, leading to more aerated soils. Natural
marshes also may have more organic material buried in the soil and available for
microbial decom position. Created marshes are usually graded from uplands soils, and
therefore they may have higher concentrations of Fe. Iron can bind to the sulfur in HS" to
form pyrite (FeS 2); pyrite can effectively rem ove sulfide from the soils.

(Ho3) Soil organic matter: Natural marshes are expected to have the highest soil
organic matter. The youngest created marsh is hypothesized to have the lowest soil
organic matter content, and OM should increase with marsh age in the created
marshes.
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As NH 4+ concentration increases in the porewater, the %N in S. alterniflora tissue
increases (Anderson et al. 1997). W hen plants die they are incorporated into the soil,
increasing the am ount of organic N in the soil. Therefore, higher organic N content is
expected in the soil of the natural marshes. The incorporation of plants into the soil with
each growing season can change other soil characteristics, as well, including higher
organic C content in the natural marshes and lower bulk density, and a lower C:N ratio.
In the created marshes, bulk density is expected to increase with depth as the soils surface
organic m atter content is expected to increase over time. In the natural marshes, bulk
density should remain constant with depth since the marshes have been producing similar
levels of organic m atter over the years.
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Appendix 2: Measuring CO2 flux

Two methods have been used to estim ate primary production in salt marshes: 1)
C O 2 flux and 2 ) standing biomass. CO 2 flux has three advantages over the standing
biom ass method. First, it measures production and respiration within a portion of the
ecosystem , not just the plant com ponent of the ecosystem. Second, it directly measures
the flux of carbon in and out of the ecosystem. Therefore, it sim ultaneously measures
aboveground and belowground productivity (Streever et al., 1998), and also measures
productivity and respiration of m icrobial mats and soil organisms. Third, the accuracy of
C O 2 flux m ethods are not affected by high rates of turnover or by m ixed species
com position.
W orking with a cham ber system sim ilar to ours, Steever et al. (1998) found that
CO 2 flux methods are potentially more accurate than biomass methods. W hen they
com pared NEE and respiration m easurem ents (from C O 2 flux) they found both to were
strongly related to biomass m easurements. They also found that when biomass was
absent from a plot, NEE was very close to zero, (they attributed the slight NEE
m easurem ent to random error). This relationship supports the hypothesis that C O 2 flux
m ethods accurately measure production. In a conservative analysis of accuracy, they
found the CO 2 flux to give errors of about 90 gC/m yr (or about 10% of yearly
production). They analyzed the precision of the cham ber method by looking at repeated
measures of C O 2 flux over a range of productivities found in the field, and found the
m ethod to be precise.
Problem s associated with closed cham ber C O 2 flux methods include: 1) C O 2 flux
rates can be affected by tem perature and humidity, and in a closed cham ber both of these
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tend to increase. W e attem pted to mitigate this problem by keeping measurem ent times
as short as possible (for an accurate m easurem ent) and by airing the cham ber out between
readings. 2) The rate of C O 2 flux is also affected by C O 2 concentration in the chamber.
As plants photosynthesize, they drawdown the ambient CO 2 concentration in the
cham ber, and as am bient CO 2 concentration decreases, the rate of photosynthesis
decreases. Again we used short measurem ent times (15-60 sec) to mitigate for this
problem , and aired the cham ber out between sets of measurements to return the C O 2
concentration inside the cham ber to the am bient concentration outside the cham ber
(generally around 350 ppm). 3) Since the cham bers were portable, they may not seal off
the interior com pletely, and mixing of gases may occur. Steever et al. (1998) found that
the foam rubber gasket at the base of the cham ber prevented much mixing with the
atmosphere. We had sim ilar results in indoor tests. 4) Because we were m odeling C O 2
flux against PAR, clouds were a problem. Clouds could temporarily lower the PAR
reading, w ithout im m ediately lowering C O 2 flux. This could result in a slight
overestim ation of NEE since the PAR reading would be lower than the actual PA R -C O 2
flux relationship. 5) The cham ber may artificially increase shading in the plots by
com pacting the plant leaves together. The PAR readings were taken from the top of the
cham ber; in the early spring this may have lead to an underestimation of NEE because
the young plants may have been shaded by dead plant material from the previous year.
Therefore, the young plants may have actually received less light than the PAR readings
indicated.

6)

M easuring the C O 2 flux at each site took several hours. During this time

the tem perature may rise and could affect the CO 2 flux in the later plots com pared to the
earlier plots. We used the m easured tem perature and C O 2 flux for each plot when
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modeling the respiration to control for this problem. 7) Any water covering the sediment
surface would interfere with the C O 2 flux from the sediment. Therefore, C O 2 flux was
m easured at low tide.

8)

If the am bient light level is too low, the resulting equation (PAR

vs. C O 2 flux) will be a straight line rather than a hyperbola; therefore we collected data
on sunny days w henever possible, and in the middle of the day when the sun was at its
highest point. D espite this, the equation describing the relationship between PAR and
CO 2 flux was a straight line for some plots in some months.
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Appendix 3. G raphs of am bient conditions a s m easured at the Virginia LTER site on the Eastern Shore
of Virginia. Graph (a) sh o w s the total monthly PAR for the year 2001, graph (b) sh o w s m ean monthly
tem peratures for the year 2001.
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A ppendix 4. Sam pling dates for C O 2 flux m easurem ents.

Marsh
GC
OS
AP

Jan
17
16

Feb
23
24

M ar
23
27

Apr
19

M ay
17
30

20

8

22

20

1

22

Jun
17
30
3

July
14
31
1

Aug
15
28
16

Sept
14
28

Oct

12

12

11

26

Nov
13
30
31

Dec
12

28
1
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